A unified review of the electro-optical light modulators used for electromagnetic distance measurements is presented. The matrix algorithm (Jones' calculus) is used in order to simplify the analytical features of the review and so to emphasize the description of the properties which are suitable for application. For several types of modulators, discussions are provided upon the uniqueness of the geometry leading to the desired effects. When this geometry is not unique, the arrangements yielding optimum performances are found; in particular an improvement is obtained for the Kondrashkov range finder.
Introduction
Electro-optical light modulators are used in many well-known instruments for high-precision electromagnetic distance measurements.* In general, these modulators consist of assemblies of Kerr or Pockels cells, of birefringent plates and of polarizers. According to a criterion of increasing number of elements, these assemblies may be divided into sets, as follows:
(a) instruments consisting of just a Kerr or a Pockels cell, like the Mekometer (Froome & Bradsell 1965; Armstrong 1965) ; (b) instruments consisting of a Kerr or a Pockels cell followed by a polarizer, like the geodimeter (Scholdstrom 1965; Smathers et al. 1965) ; (c) instruments consisting of a Kerr or a Pockels cell followed by another cell or by a quarter-wave plate, like the Kondrashkov's polarization plane modulator (Kondrashkov 1965a); (d) the same as in case (c) plus a polarizer as the SVV 1 (Kondrashkov 1965b and the geodolite (Wittke 1967) .?
The modulation effects of these different assemblies on the intensity or on the polarization of a monochromatic plane wave incident upon them will be studied in this paper by means of a unique formalism based on Jones' matrix analysis of optical systems (Jones 1941 (Jones , 1942 (Jones , 1947 (Jones , 1948 (Jones , 1956 ).
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In the above mentioned modulators, the birefringent elements are assumed to be lossless and the polarizers to be ideal. The effect of any of these elements upon a normally incident monochromatic plane wave is obtained operating on a column vector:
by means of a matrix Dx,,, DYln are the components of the D vector on the incident wave along the x, y axes of a Cartesian frame whose z axis is in the direction of propagation; a, is the angle of the (x,',z) principal plane of the ith element to the (x,z) plane (see Fig. 1 The largest number of cascaded elements in the modulators that we shall consider is three; therefore the most general form of the optical transmission matrix for the entire system is given by Sections 2-5 will be devoted to analysing the modulators according to the above written classification. Each of these sections will begin by finding the most general form of the output light vector.
The output vector itself and the corresponding expression for the intensity will suggest which properties are suitable for application. The geometry of the system (mutual orientation of its parts) will be established as a consequence of the properties to be used conveniently.
In the following, the input wave will be taken to be intensity normalized, linearly polarized and its plane of polarization to form an angle a, with the reference (x,z) plane; the input light vector will be:
Modulation of a linearly polarized wave by means of a Kerr or PockeIs cell
The parameters defined at the end of the last section are then given by:
In this very simple case, take as reference frame the principal axes of the cell. The output light vector is then given by:
(for ao, see Section 1, and Fig. 2 ).
An elliptically polarized (and undepleted) wave emerges from the cell. The retardation 4 is a function of the voltage V applied to the cell; thus, if a time-varying V is used, 4 is a function of time; hence the notation 4(t) is used in equation (2.1).
Then, the shape of the ellipse is time-varying too: apolarization modulation is obtained in this way. In order to allow the shape of the ellipse to change all the way from a straight line to a circle, one has to take:
This is done in the mekometer. The output light vector is given by:
where a. has always the meaning introduced in Section 1. (See Fig. 3 ).
by the factor: Obviously, the emerging wave is linearly polarized and its intensity is multiplied
40)
cos2ao + sin2 -cos2(2u, -tio).
F
When cos uo = f cos(2ul -ao), then equation (3.2) shows that a phase modulation is obtained while the intensity is not modulated. A modulation of the intensify is obtained when cos a, # k cos(2al -ao). In order to minimize the d.c. part of the factor F, either cos a, or cos(2a1 -ao) has to equal zero; in order to maximize the a.c. components of F, the one of cos a. and cos(2a1 -ao) which does not vanish has to equal & 1. In particular this occurs for: Later on we shall compare equations (3.5) and (3.7) and establish which of
The arrangement (3.4) is used in the geodimeter. Note that the geometry leading to a factor F like that of equation (3.5) is indeIn order to give further details on the time-dependence of equation (3.5) we these outputs corresponds to the largest modulation depth.
pendent of changes of the signs of a, and/or uI.
remember that:
4(t) cc V ( t ) in a Pockels cell,
V ( t ) being the applied voltage. A Kerr cell is used in the Geodimeter and a Pockels cell is used in a modified geodimeter (Smathers et a!. 1965).
Since V ( t ) = V, cos w, .t, the factor F becomes: F K = sinZ(HK coszwo t ) in the Kerr cell case, and F p = sin2(Hp cos w, t ) in the Pockels cell case, where:
1 is the thickness of the cell; d is the separation of the electrodes; B is the Kerr constant and C is the Pockels constant (in MKS units). By means of trigonometrical identities, we get: = 4 + 7
Let us compare equation (3.10) with (3.12).
In case we have equal, thus the arrangements (3.4), (3.6) are equally good; if J , (H,) = 0, the condition (3.14) is satisfied and the arrangement (3.4) is more convenient than the arrangement (3.6). This case is of interest because then the fundamental frequency of the output equals four times the frequency of the voltage applied to the cell. Let us now compare equations (3.11) and (3.13). For Hp such that:
the arrangement (3.6) is better than the arrangement (3.4). In particular, the condition (3.15) is satisfied when J2(2Hp) r J2(2Hp)m3x, namely when the maximum amplitude of the fundamental ax. term is reached.
Modulation of a linearly polarized wave by means of two Kerr or Pockels cells or by means of one Kerr or Pockels cell followed by a quarter-wave plate
Take a reference frame whose x-axis is parallel to the x' principal axis of the second birefringent element (Fig. 4) . This causes the parameters defined in Section 1 to take the following values: The inspection of the form of Dso,,, D+,, suggests that there are several effects that can be applied: addition or subtraction of time-varying phase delays; timeindependent dephasing of two components having each a time-varying phase; effects of these variable or constant delays on the polarization or on the intensity. The arrangements considered in Table 1 permit to study with further details the applications of the various effects that we have just mentioned. In the cases 1, 2, 3 of Table 1 the output wave is linearly polarized and phase-modulated* in the cases 5, 6, 8 the output wave is elliptically polarized and the ellipse pulsates, i.e. the wave is modulated in its elliptical polarization. Finally in the cases 4 and 7, we have again an elliptically polarized output light and the following cases occur: if 4 is timedependent and I , ! I is time-independent, the ellipse pulsates as in the mekometer (see Section 2); if I,!I is time-independent and 4 is time-independent, the ellipse rotates; if both 4 and I,!I are time-dependent, these two effects take place together.
For 4 = -, i.e. if the quarter-wave plate is used, then the output wave is linearly polarized and its polarization plane rotates, forming an angle $(t)/2 with the (x,z) plane. This result was applied by Kondrashkov to a modulator of the polarization plane (Kondrashkov 1965a) . Applications of the other possibilities offered by this kind of set-up are not used, since several among these effects can be achieved by using only one birefringent element, thus reducing the cost of the modulator. 
Modulation of a linearly polarized wave by means of the assembly of the former section followed by an analyser
Denote with L, M the two birefringent plates, with A the ideal analyser (see Fig. 5 ). Take a reference frame whose (x,z) plane coincides with the transparent plane of the analyser. Then, the parameters defined in Section 1 become: [ : :
The emerging light is of course linearly polarized in the (x,z) plane, and its intensity is multiplied by the factor:
where f is given by equation (5.3).
Thus there is in general a modulation qf' the intensity. We shall derive conditions that the angles ao, a l , a2 have to satisfy in order to simplify this modulation factor (5.4) in a handy way. Four cases will be considered. 
cos(2cr, -ao) = cos(2a2 -ao).
( 5 . 5 )
The corresponding intensity factor is then found from equations (5.4) and ( 5 . 5 ) :
The case of the upper signs occurs for:
In this case the intensity factor is given by:
By means of trigonometric identities the right-hand sides of equations ( 5 . 6 ) and ( 5 . 8 ) can be expressed as linear combinations of COS($+~I) and cos(+-$), plus constant terms.
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Suppose that the two Kerr cells are equal and subject to a s . voltages of equal amplitude, V,, and equal angular frequency, coo, but out-of-phase by P radians. Then, the quadratic dependence of the electro-optic effect on the electric field yields:
Expressions like (5.9) contain d.c. terms and a x . terms of angular frequency 2w, only. This effect of doubling the applied frequency is simply due to the quadratic nature of the Kerr effect (cf. Section 3).
Moreover, one sees that taking: The two Kerr cells have the axes of the electrodes at 90" to one other; the analyser is aligned to the polarization plane of the input wave and this plane divides into equal parts the angle of the two cells (see Fig. 6 ). Then, the intensity factor is given by :
For F,, the maximum of the part at 4w0 occurs for: (equations (5.7) are now to be satisfied). With respect to the former case, the plane of polarization of the incoming wave is rotated 90" and the rest is left unchanged (see Fig. 7 ). The intensity factor is given by : Kondrashkov suggested to use a system with:
which gives an intensity factor as follows: (5.14) compared with that of (5.18) at least when the applied voltage is not too big (e.g. it certainly holds for 2H, < 10).
Thus, the modulation depth is increased if the arrangement (5.13) or (5.15) is used. The optimum choice between the two arrangements giving equations (5.14) and (5.16), respectively, can be made consequently to the value of 2H,: the first arrangement is convenient for J0(2HK) < 0, the second one for J0(2H,) > 0; so the larger modulation depth is reached.
(b) Modulator using two Pockels cells follocc.ed by an analvser. In this case the intensity factors F , and F , (see equations (5.6) and (5.8)) show 2w0 as the lowest angular frequency. One gets a frequency multiplication by two, in the modulated output intensity, which is quite analogous to the multiplication by four obtained by using two Kerr cells.
(c) Modvlator using one Kerr cell and a quarter-ware plate followed by an analyser.
If hd is a quartcr-wave plate", we put 9 = --in equation (5.3), which becomes 7c 2 then:
We remark that without the quarter-wave plate we would get: The intensity which is reached by multiplying equation (5.19) times its compl. conj. in general contains terms in cos $ and in sin @. For $ = 2H, COS'O~ t = H , + H , cos 20, t, (5.21) the intensity contains terms in cos(cos 2w0 t) and terms in sin(cos 20, t), giving rise to all angular frequencies of the form 2nw0 (n = 1, 2, 3, ...).
The choice of the geometry of the system cannot help to eliminate the term of angular frequency 20,. Only an appropriate choice of the voltage amplitude V, can make the amplitude of this term equal to zero.
Kondrashkov suggested the following arrangement, see Fig. 8 It is easy to see that this case is much less convenient than the one suggested by Kondrashkov: the modulation ratio is smaller and the effect of the undesired term at 800 is larger.
(d) Modulator using one Pockels cell and a quarter-wave plate followed by an analyser. In case a Pockels cell replaces the Kerr cell of the previous section, equation (5.21) is replaced by:
(5.30) * = 2Hp cos wo t. Equation (5.19) still holds; the corresponding intensity factor is given by: By means of the expansions (3.9), one sees that the intensity does not contain it does not contain odd harmonics of oo for:
C0S(2oc1 -ao) c0s(2a2 -ao) = cos a0 C0S(2oc1 -2a2 -go).
(5.33) oc For a1 = oco, oc2 = 9 , no modulation occurs. From equation (5.33) we can conclude 2 that a good arrangement in order to obtain a doubling of the fundamental frequency of the modulated output is (see Fig. 9 ):
n n a2 = 0 , a, =4, a. = -
'
In this situation, a d.c. term equal to 3 enters the intensity factor F . 
